Microwave photovoltage and photoresistance effects in ferromagnetic microstrips 
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We investigate the dc electric response induced by ferromagnetic resonance in ferromagnetic 
Permalloy (Ni8oFe2o) microstrips. The resulting magnetization precession alters the angle of the 
magnetization with respect to both dc and rf current. Consequently the time averaged anisotropic 
magnetoresistance (AMR) changes (photoresistance). At the same time the time-dependent AMR 
oscillation rectifies a part of the rf current and induces a dc voltage (photovoltage). A phenomeno- 
logical approach to magnetoresistance is used to describe the distinct characteristics of the pho- 
toresistance and photovoltage with a consistent formalism, which is found in excellent agreement 
with experiments performed on in-plane magnetized ferromagnetic microstrips. Application of the 
microwave photovoltage effect for rf magnetic field sensing is discussed. 



1. INTRODUCTION 

The fact that macroscopic mutual actions exist 
between electricity and magnetism has been known 
for centuries as described in many text books of 
electromagnetism^. Now, this subject is transform- 
ing onto the microscopic level, as revealed in vari- 
ous spin-charge coupling effects studied in the new 
discipline of spintronics. Among them, striking 
phenomena are the dc charge transport effects in- 
duced by spin precession in ferromagnetic metals, 
which feature both academic interest and technical 
significance^'^. Experiments have been performed inde- 
pendently by a number of groups on devices with differ- 
ent configurationsii^ii^iiii^<iiii^ii^iiiii5i6^ Most works 

were motivated by the study of spin torqueiii^, which 
describes the impact of a spin-polarized charge current 
on the magnetic moment. In this context, Tulapurkar et 
al. made the first spin-torque diode^, and Sankey et al. 
detected the spin-torque-driven ferromagnetic resonance 
(FMR) electrically^. Both measured the vertical trans- 
port across nano-structured magnetic multilayers. Along 
a parallel path, a number of worksi^i^i^ have been de- 
voted to study the effect of spin pumping. One of the 
interesting predictions is that injection of a spin current 
from a moving magnetization into a normal metal in- 
duces a dc voltage across the interface. To detect such 
a dc effect induced by spin pumping^^, experiments have 
been performed by measuring lateral transport in hybrid 
devices under rf excitation^iii^. 

From a quite different perspective, Gui et al. set out 
to explore the general impacts of the high frequency 
response on the dc transport in ferromagnetic metals^, 
based on the consideration that similar links in semicon- 
ductors have been extensively applied for electrical de- 
tection of both spin and charge excitations^S,. Gui et al. 
detected, subsequently, photoresistance induced by bolo- 
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metric effect^, as well as photocurrent^, photovoltage^i, 
and photoresistancei^ caused by the spin-rectification ef- 
fect. A spin dynamoiS was thereby realized for gener- 
ating dc current via the spin precession, and the device 
was applied for a comprehensive electrical study of the 
characteristics of quantized spin excitations in micro- 
structured ferromagnets^^. The spin-rectification effect 
was independently investigated by both, Costache et al<^ 
and Yamaguchi et ali^, and seems to be also responsi- 
ble for the dc effects detected earlier by Oh et ali^. A 
method for distinguishing the photoresistance induced by 
either spin precession or bolometric effect was recently 
establishedi^, which is based on the nice work performed 
by Goennenwein et al.^^, who determined the response 
time of the bolometric effect in ferromagnetic metals. 

While most of these studies, understandably, tend to 
emphasize different nature of dc effects investigated in 
different devices, it is perhaps more intriguing to ask the 
questions whether the seemingly diverse but obviously 
related phenomena could be described by a unified phe- 
nomenological formalism, and whether they might arise 
from a similar microscopic origin. From a historical per- 
spective, these two questions reflect exactly the spirit of 
two classic papers2^i2i published by Juretscheke and Sils- 
bee et al., respectively, which have been often ignored 
but have shed light on the dc effects of spin dynamics in 
ferromagnets. In the approach developed by Juretscheke, 
photovoltage induced by FMR in ferromagnetic films was 
described based on a phenomenological depiction of mag- 
netoresistive effectsS2,. While in the microscopic model 
developed by Silsbee et al. based on the combination of 
Bloch and diffusion equations, a coherent picture was 
established for the spin transport across the interface 
between ferromagnets and normal conductors under rf 
excitation^!. 

The goal of this paper is to provide a consistent view 
for describing photocurrent, photovoltage, and photore- 
sistance of ferromagnets based on a phenomenological 
approach to magnetoresistance. We compare the theo- 
retical results with experiments performed on ferromag- 
netic microstrips in detail. The paper is organized in 
the following way: in section 2, a theoretical descrip- 



tion of the photocurrent, photovoltage, and photoresis- 
tance in thin ferromagnetic films under FMR excitation 
is presented. Sections 2.1-2.4 establish the formalism for 
the microwave photovoltage (PV) and photoresistance 
(PR) based on the phenomenological approach to mag- 
netoresistance. These arise from the non-linear coupling 
of microwave spin excitations (resulting in magnetiza- 
tion M precession) with charge currents by means of the 
anisotropic magnetoresistance (AMR). Section 2.5 com- 
pares our model with the phenomenological approach de- 
veloped by Juretscheke. Section 2.6 provides a discus- 
sion concerning the microwave photovoltage and photore- 
sistance based on other magnetoresistance effects (like 
anomalous Hall effect (AHE), giant magnetoresistance 
(GMR) and tunnelling magnetoresistance (TMR)). 

Experimental results on microwave photovoltage 
and photoresistance measured in ferromagnetic mi- 
crostrips are presented in section [3] and [H respectively. 
We focus in particular on their characteristic differ- 
ent line shapes, which can be well explained by our 
model. In section [S] conclusions and an outlook are given. 



2. MICROWAVE PHOTOVOLTAGE AND 
PHOTORESISTANCE BASED ON 
PHENOMENOLOGICAL AMR 

2.1. AMR COUPLING OF SPIN AND CHARGE 

The AMR-coupling of spin and charge in ferromagnetic 
films results in microwave photovoltage and photoresis- 
tance. The photovoltage can be understood regarding 
Ohms law (current I{t) and voltage U{t)) 

U{t) = Rit) ■ I{t) (1) 

We consider a time-dependent resistance R{t) — R'^ + 
R^ cos{ujt — ip) which oscillates at the microwave fre- 
quency lli = 271 f due to the AMR oscillation arising from 
magnetization precession, ip is the oscillations phase shift 
with respect to the phase of the rf current I{t). For 
the sake of generality ip will be kept as a parameter in 
this work and will be discussed in detail in section [3751 
I{t) takes the form I{t) = Ii cos{ujt) and is induced by 
the microwaves. It follows that U{t) consists of time- 
dependent terms with the frequency w, 2io and a con- 
stant term (time independent) which corresponds to the 
time average voltage and is equal to the photovoltage: 
Umw = (-R^/i cos(wt — -0) cos((jji)) = {R^Iicos^)/2 
(( ) denotes time-averaging). A demonstrative picture 
of the microwave photovoltage mechanism can be seen in 
figure [TJ 

The second effect we investigate which is also based on 
AMR spin-charge coupling is the microwave photoresis- 
tance ARmw- This has been reported recently with 
the equilibrium magnetization Mq of a ferromagnetic 
stripe aligned to a dc current Iq. Microwave induced 
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(a) t = t„ (b)t = to+P/2 

► 

time t 

FIG. 1: (Color online). Mechanism of the AMR-induced mi- 
crowave photovoltage: M precesses (period P) in phase with 
the rf current I. (a) M lying almost perpendicular to I results 
in low AMR. (b) M lying almost parallel to I results in high 
AMR. The time average voltage U becomes non-zero. 




(a) MW OFF (b) MW ON 

FIG. 2: (Color online). Mechanism of the AMR-induced pho- 
toresistance: (a) Without microwaves (MW) M lies perpen- 
dicular to the dc current I and the AMR is minimal (b) With 
microwaves M precesses and is not perpendicular to I any- 
more. Consequently the AMR increases (higher voltage drop 
U). 



precession then misalignes the dynamic magnetization M 
with respect to Iq and thus makes the AMR drop mea- 
surably. In this work we present results which also show 
that if Mo hes perpendicular to Iq the opposite effect 
takes place: Microwave induced precession causes M to 
leave its perpendicular position what increases the AMR 
(see figure HI). 

After this qualitative introduction we want to go ahead 
with a quantitative description of the AMR induced mi- 
crowave photovoltage and photoresistance. Therefore we 
define an orthogonal coordinate system (x,y,z) (see figure 
[3]). The y-axis lies normal to the film plane and the z- 
axis is aligned with the magnetic field H and hence with 
the magnetization M which is always aligned with H in 
our measurements because of the sample being always 
magnetized to saturation. 

Geometrically our samples are thin films patterned to 
stripe shape, so that d <C w <C where d, w and I 
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magnetization Mq encloses the in-plane angle ao with 
the stripe. Hence in time average < (3{t) > = and 
< a{t) > = aQ. In general the magnetization precession 
is elliptical. Its principle axis lie along the x- and y-axis 
and correspond to the amplitudes ai and Pi of the in- 
and out-of-plane angles a{ and /3* of the rf magnetization: 
a{t) = ao + = ao + aiCOs{ujt — -0) and P{t) = 

Pl{t) = —Pisin{ujt — tp) (see figure H]). Using equation 
^ we approximate cos^ 6{t) to second order in a\ and 



FIG. 3: (Color online). (x,y,z) and (x',y,z') coordinate 
systems in front of a layout of our Permalloy film stripe 
(200 X 2400 /im^) with 2 contacts and 6 side junctions. 



dcos 








FIG. 4: (Color online). Sketch of the magnetization preces- 
sion. The magnetic field H encloses the angle ao with the 
current I. The magnetization oscillation towards I has the 
amplitude ai and that perpendicular to I: /3i. 



are the thickness, width and length of the sample. We 
apply H always in the ferromagnetic film plane. For 
calculations based on the stripes geometry the coordi- 
nates x' and z' are defined. These lie in the film plane. 
x' is perpendicular and z' parallel to the stripe. The 
following coordinate transformation applies: {x, y, z) = 
(a;'cos(ao) — z' sin(ao), y, z' cos(q!o) -t- a;'sin(ao)) where 
ao is the angle between H and the stripe. 

For the microwave photovoltage and photoresistance 
the longitudinal resistance R{t) = i?o + Ra cos^ 0{t) 
of the film stripe matters. It consists of the minimal 
longitudinal resistance Rq and the additional resistance 
Ra cos^ 9{t) from AMR. 9{t) is the angle between the 
z'-asds (parallel to the stripe) and M. M moves on a 
sphere with the radius Mo, which is the saturation mag- 
netization of our sample. 9{t) can be decomposed into 
the angle a{t) in the ferromagnetic film plane and the 
out-of-plane angle P{t) (see figure H]). Consequently: 



cos9{t) — cos a{t) cos/3(i) 



(2) 



Precession of the magnetization then yields oscillation 
of a{t), P(t) and 9{t). In our geometry the equilibrium 



cos 9{t) « cos 9\^t^^pt^o + "i ■ \a\=p\=a 
af (Pcos'9. Pf d^^os^e 

The first order in P\ vanishes because it is proportional 
to (sin /3) 1 01=0 = 0. It follows: 



cos^ 9{t) 



! cos^ ao — q;i • sin 2ao cosiut — -0) 



-a^ • cos 2ao cos^ {cut - ip) - Pf ■ cos^ ao sin^ {tot ~ Tp) (4) 

This equation is now used to calculate the longitudinal 
stripe voltage. To consider the general case an externally 
applied dc current /o and a microwave induced rf current 
Ii, are included in /(<) = /o + /i cos(a;t). It follows from 
equation ((1]): 



U{t) = (i?o + Ra cof? 9{t)) ■ (/o + h cos{ujt)) (5) 

Consequently U{t) can be written as U{t) = Uq + 
Ui cos{ujt — 'ipi) + U2 cos(2wi — ■02) + C^3 cos(3wt — -03). For 
the photovoltage and photoresistance only the constant 
term Uq, which is equivalent to the time average volt- 
age {U{t)), matters. Combining equation (|4]) and ([5]), we 
find: 



Uo ~ Io{Ro 



Ra cos^ ao) — IiRao^i sin 2ao cos(0)/2 
-/o(a? cos2ao + /3i cos^ ao)i?A/2(6) 



Note that: (sin^ {ujt - ip)) = {cos'^ {tut - ip)) = 1/2, 
and {cos ujt cos{u!t — ip)) — cos(?/')/2. The first term in 
equation ^ is independent of the rf quantities Ji, ai and 
Pi and represents the static voltage drop of Iq . The sec- 
ond term is the microwave photovoltage Umw ■ It shows 
no impact from the dc current Iq. The third term repre- 
sents the microwave photoresistance AR^w- It is pro- 
portional to Iq and depends on the microwave quantities 
ai and Pi. By the way: It can be seen now that the 
rf resistance amplitude R^ used in the beginning of this 
paragraph corresponds to: R^ = Rac^i sin2ao. 

To analyze the magnetization's angle oscillation am- 
plitudes ai and Pi it is necessary to express them by 
means of the corresponding rf magnetization 5R(me~''^*). 
m is the complex rf magnetization amplitude. Its phase 
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is defined with respect to Ii, so that 3fi(ma;e~'"*) is in 
phase with Ji cos ojt at the FMR. Because M — Mq + m, 
m = {mx,my,0) can (in first order approximation) only 
he perpendicular to Mq because M and Mq have the 
same length {Mq). Hence \mx\/Mo — sinai « ai and 
\my\/Mo = sin/3i « Pi for ai,/3i < 90°. 

The microwave photovoltage and photoresistance ap- 
pear whenever magnetization precession is excited. This 
means if the microwaves are in resonance with the FMR, 
with standing exchange spin waves perpendicular to the 
filmiSiiiiS^ or with magnetostatic modeaii. In this article 
we will analyze the FMR induced microwave photoresis- 
tance and photovoltage. 

2.2. MAGNETIZATION DYNAMICS 



Xxx is identical to the susceptibility describing the 
propagation of microwaves in an unlimited ferromag- 
netic medium in Voigt geometry2£ (propagation per- 
pendicular to Mq). Xxx, Xxy and Xyy havc the same 
denominator, which becomes resonant (maximal) when 
u! — y/oj^ + ijJrOJM- This is in accordance with the FMR 
frequency of the Kittel formula for in-plane magnetized 
infinite ferromagnetic films'^''. 

This relatively simple behavior is due to the assump- 
tion, that h'" is constant within the film stripe. This 
assumption is only valid if the skin deptli^ S of the mi- 
crowaves in the sample is much larger than the sam- 
ple thickness. During our measurements we fix the mi- 
crowave frequency / and sweep the magnetic field H. 
Consequently we find the FMR magnetic field Hq with 



To understand the impact of the applied rf magnetic 
field 3fi(he~'"*) on the microwave photovoltage and pho- 
toresistance the effective susceptibilities Xxx, Xxy and 
Xyy, which link me~*"* inside the sample with the com- 
plex external rf magnetic field he~*"* = {hx, hy, hz)e~^'^^ 
outside the sample, have to be calculated. Here is en- 
coded in the complex phase of m. 

The susceptibility inside the sample (magnetic field 
h'"e-*"* = (/i™,/i™,ft,!,")e-*"*) is determined by the 
Polder tenso»2^ x (received from solving the Landau- 
Liftshitz- Gilbert equation^^): 



XL iXT 
-iXT XL 




(7) 



with 



XL 



UJM^r 



XT 



ujlom 



where lom = 7-^0 with the gyromagnetic ratio 7 ~ 
/^o ■ e/m = 27r/io • 28 GHz/T (electron charge e and 
mass TOe) and lOr = iH without damping. Approxi- 
mation of our sample as a 2 dimensional film results in 
the boundary conditions that and by are continuous 
at the film surface meaning hx — h™ and by = fiohy — 
Mo((l + XL^ ~ iXtK)- Hence: 



with 



"X,xx 
Xxy 
Xyy 



X^x '^X^y ^ 
~~'^Xxy Xyy ^ | h 

00 



UJr-UJM + ^M^ 



(8) 



LUr (uJr 


+ LUm) - LO'^ 




uoujm 




+ ujm) - ^"^ 







UJr (Wr + UJm) — Uj"^ 



(9) 



and 



Ho = ^M2/4 + 0-2/72 - Mo/2 (10) 

Now we introduce Gilbert damping^l ac by setting 
:— ujq — iuquj with now ujq — instead of — jH. 
We separate the real and imaginary part of Xxx , Xxy and 
Xyy- 



{uJrUJM + I^m'^) ■ F 
Xxy = ^^M ■ F 
Xyy = UJrUJM ■ F 



(11) 



with 



F 



uj(){uJo + ujm) — OqUj"^ ~ uj'^ + iaGUj{2ujQ + ujm) 
{ujo{u>o + ujm) - a'c'^^ 



^2)2 -f a^u;2(2a;o + wm)2 
{H + H0 + Mo){H - Ho) + i{2H + Mo)aGUj/j 
{{H + Ho + MoY{H - i7o)2 + {2H + Mo)2a2.t^2/^2 

The approximation was done by neglecting the a^uj"^ 
correction to the resonance frequency a;2 = Ci;o(^o+^Af) — 
a'^uj'^ ~ ujf){ujQ + ujm) what is possible if uq ^ 1. Hence: 

Ai?(i? - Hq) + i Ai72 



X: 



xx,xy,yy 



^xx,xy,yy 



[H - Ho)^ + Ai?2 



(12) 



with Ai7 = {{2H + Mo)/{H + Ha + Mo))-aGi^/l- This 
can be approximated as AH w acuj/'y if \H — Hq\ <C Hq. 



and Ayy determine the scalar amplitude of Xx 



A A 

-^xx, ^xy 

Xxy and Xyy 

To analyze the FMR line shape in the following, we 
will call the Lorentz line shape which is proportional to 
AH/{{H — Hof' — AH^) symmetric Lorentz line shape 
and the line shape proportional to {H — Hq) / {{H — Hq)^ — 
AH^) antisymmetric Lorentz line shape. A linear com- 
bination of both will be called asymmetric Lorentz line 
shape. \H — Ho\ ^ Hq allows us to approximate: 
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A ^ 
4 

^xy 



A 



yy 



aGtoi2Ho + Mo) 
^ Mo 
^ aG{2Ho + Mo) 

aGto{2Ho + Mo) 



(13) 



These are scalars which are independent of the DC 
magnetic field H and hence characteristic for the sam- 
ple at fixed frequency. Indeed the assumption of Gilbert 
damping is not essential for the derivation of equation 
P^ . In the event of a different kind of damping, AH can 
also be directly input into equation (jl3p replacing acuj. 
However because of the commonness of Gilbert damp- 
ing, its usage here can provide a better feeling for the 
usual frequency dependence of A^x.xy.yy Going ahead, 
equation JS]) becomes: 



AH{H - Ho) + iAH^ 
{H - Ho)^ + Ai?2 




h(14) 



The if-field dependencies has Lorcntz line shape with 
antisymmetric (dispersive) real and symmetric (absorp- 
tive) imaginary part, the amplitudes A^x, ^iA^y and Ayy 
respectively and the width AH. Note that A^xAyy « 
A'^y for \H — Ho\ ^ Hq. Consequently the susceptibility 
amplitude tensor can be simplified to: 



A 


'^Axy 





"^-^xy 


A 

^yy 

















and equation (|T4|) becomes: 

7M0 AH{H - Hq)+ iAH^ 



ac^i^Ho 




It is visible that the ellipcity of m is independent of the 
exciting magnetic field h. Only the amplitude and phase 
of m are defined by h. The reason is the weak Gilbert 
damping ac for which much energy needs to be stored 
in the magnetization precession to have a compensating 
dissipation. Hence little energy input and impact from h 
appears. 

From equation ^T5\i follows that 
dinally the ratio: 



and niy have car- 



m^/my ^ + Ma/ Ho 



(16) 
for 

w — > cx). This means that the precession of M is ellipti- 
cal and becoming more circular for high frequencies and 



Therefore my vanishes for — s- and — iniy 



more linear (along the x-axis) for low frequencies. This 
description applies for the case of an in-plane magnetized 
ferromagnetic film. However in the case that the sample 
has circular symmetry with respect to the magnetization 
direction (e.g. in a perpendicular magnetized disc or in- 
finite filroiSiii): ai = f3i. This is the same as in the case 
that uj 00 . Only in these cases the magnetization pre- 
cession can be described in terms of one precession cone 
angle^^. Otherwise distinct attention has to be paid to 
ai and (3i (see l3.2p . Additionally it can be seen in equa- 
tion (fTS]) that rn^/rn^ is also the ratio of the coupling 
strength of m to hy and respectively. 



2.3. MICROWAVE PHOTORESISTANCE 

The microwave photoresistance ARmw can be de- 
duced from equation ([6|) . First the microwave photovolt- 
age is excluded by setting the rf current Ii — 0. Then we 
only regard the microwave power dependent terms which 
depend on ai and Pi: 

ARmw = (C^o|/i=o — C^o|/i=o,qi=o,/3i=o)/^ 

^ RA{~al cos 2ao- Pfcos'^ ao)/ 2 (17) 

If the magnetization lies parallel or antiparallel to 
the dc current vector Iq along the stripe (ag = 0° or 
ao — 180°) the AMR is maximal. In this case magne- 
tization oscillation [ai and (3i) reduces (-cos2q;o = —1) 
the AMR by ARmw = -(«? + PI)Ra/2 (negative pho- 
toresistance). In contrast if the magnetization lies per- 
pendicular to lo (ao — 90°, see figure [2]) the resistance 
is minimal. In this case magnetization oscillation corre- 
sponding to ai will increase (— cos2q;o = +1) the AMR 
(positive photoresistance) by ARmw = + af- Ra/2 (os- 
cillations corresponding to /3i leave 9{t) constant in this 
case and do not change the AMR). 

The next step is to calculate ai and Pi. The dc mag- 
netic field dependence of ai — |ma;|/Mo = | 
iXxyhy\/Mo and Pi = \my\lMo = \-iXxyhx + Xyyhy\l^o 
(15) is proportional to that of \xxx\, \Xxy\ and \Xyy\ given in 
equation (|12p (imaginary symmetric and real antisym- 
metric Lorentz line shape). Squaring this results in sym- 
metric Lorentz line shape: 



a\ (X p\ (X 



AH{H - Ho) + iAH^ 



{H - Ho)^ + AH^ 



(H-Ho)^ 



AH^ 



Hence: 



\Axx^X ~t- iAxyhy\ 



AH^ 



(H - Ho)'^ + Am 



Pi 



,2 \-^yy^y ^-^xy^x \ 



(18) 



{H - Ho)'^ + Am 
Using equation (fT5|) and ITSl) , equation ([T7]) transforms 



to: 
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AR 



MW — 



•(-(i?o + Afo)cos2ao - i?ocos^ao) (19) 



The strength of the microwave photoresistance is pro- 
portional to ^/oq- Weak damping (small ac) is therefore 
critical for a signal strength sufficient for detection. The 
magnetic field dependence shows symmetric Lorentz line 
shape. 

The dependence of ARmw on ao in equation (|19p re- 
veals a sign change and hence vanishing of the photore- 
sistance at 



1 



cos ao 



1 



3Ho + 2Mo 



(20) 



This means that the angle at which the photoresistance 
vanishes shifts from ao = ±45° and ao = ±135° (for 
w ^ 0) to ao = ±54.7° and ao = ±125.3° respectively 
(for u — > oo) when increasing lo. The reason for this 
frequency dependence is the frequency dependence of the 
ellipcity of m described at the end of [ 



2.4. MICROWAVE PHOTOVOLTAGE 

The most obvious difference in appearence between 
the microwave photoresistance discussed in paragraph 
12.31 and the microwave photovoltage discussed in this 
paragraph is that the photoresistance is proportional to 
the square of the rf magnetization (see equation (|17p . 
al « \m^\'^/M^ and l3f !v |m^p/M^) while the photo- 
voltage Umw is proportional to the product of the rf 
magnetization and the rf current. Consequently the pho- 
tovoltage has a very different line shape: While the rf 
magnetization depends with Lorentz line shape on H (see 
equation (H^)), Ii is independent of H. The line shape 
is hence determined by the phase difference ip between 
the rf magnetization component 3fi(r7ij;e~*'^*) and the rf 
current Ii cos cut. This effect does not play a role in the 
case of photoresistance because there only one phase mat- 
ters namely that of the rf magnetization. In contrast in 
photovoltage measurements a linear combination of sym- 
metric and antisymmetric Lorentz line shapes is found. 
This will be discussed in detail in the following. 

To isolate the microwave photovoltage in equation ^ 
the dc current /q is set to 0: 



TT TT \ T sin2ao cosV^ 

Umw = i^o|/o=o = -Jiai -z (21) 



We split hx = Kj, + ih\. and hy = hy + ihy into real 
{h^, hy) and imaginary (/i^, hy) part. This enables us to 
isolate the real part in equation (j2ip using equation ([1 

/ii?Asin2ao (A^yhl + A^^hl) AH"^ 
Umw — ;:777 • { 



2Mo 

{A-xyhl 



(H-Ho)^ + 



Am 

-Ho) 



[H - Ho)^ + Am 



} (23) 



Conclusively in contrast to the microwave photoresis- 
tance {ARmw I/oq, see equation (fT9|) ) the photovolt- 
age is only proportional to l/ac Axx,xy,yy- Thus good 
damping is less important for its detection^. 

To understand the measurement results it will be nec- 
essary to transform the coordinate system of equation 
to (x',y,z'). In this coordinate system the rf mag- 
netic field h is constant during rotation as described in 
equation ([33]) . 

To better understand the photovoltage line shape we 
have a closer look on ip: When sweeping H the rf mag- 
netization phase is shifted by ipm with respect to the 
resonance case {H = Hq). The rf current has a constant 
phase '0/ which is defined with respect to the magnetiza- 
tion's phase at resonance. The impact of the dc magnetic 
field H on the rf current (/i, ipi) via the FMR is believed 
to be neghgible: 

cos ip = cos('0m — ^i) = COS 1pm COS ipj + sin 'i/'m siu -ipj 

(24) 

ip is determined by the (complex) phase of Xxx , Xxy and 
Xyy with respect to the resonance case {^(Xxy,yy) — 
at H = Ho) during magnetic field sweep (asymmetric 
Lorentz hue shape, see equation P^ ): 



tan ip„ 



SO / AH{H-Ho)+iAH^ /■ 
^ I (H-HaY^+AH'^ /' 



Ho-H 
AH 



(25) 



It should be noted that according to the Landau- 
Liftshitz cquation^^ h applies a torque on the magne- 
tization and hence excites m* transversal. That is why 
at resonance mx shows a phase shift of 90° with respect 
to hx- Consequently in equation (|25p division by i is 
necessary {xxx and Xxy become imaginary at resonance) . 

Equation ([25|) means that in case that the applied mi- 
crowave frequency is higher than the FMR frequency 
[Ho > H) iprn > (note that m* = me"*'^*), m* is de- 
layed with respect to the resonant case. The other way 
around {Ho < H) the FMR frequency is higher than that 
of the applied microwave field and m* is running ahead 
compared to the resonance case. Using equation (|25p we 
find: 



From equation ([5]) we follow: 



ai cosip = 'St{mx) = ^{Xxxhx + iXxyhy) 



(22) 



cos 1pn 



AH 



^{H - Ho)^ + Am 



(26) 
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Inserting equation ^ and ^ into ((2T|) 

gives: 

i?A -fl sin 2ao + ^-^xy^y I 

f/MH. = 2 Mo 

/ AH^cos^i _ (g-go)AgsinV>A 
■ V(fl'-i?o)2 + Ai72 {H~Ho)^ + Am J ^ ' 

The dependence on _ff takes the form of a Unear com- 
bination of symmetric and antisymmetric Lorentz hne 
shape with the ratio 1 : tanipi. The symmetric hne 
shape contribution (cx AH) arises from the rf current 
contribution that is in phase with the rf magnetization 
at FMR and the antisymmetric from that out-of-phase. 
This gives a nice impression of the phase "tpi of the rf 
current determining the hne shape of the FMR. 



term that arising from AHE. Note that a second order 
of m' appears when applying a dc current Jq ^ 0. It 
represents the photoresistance discussed in 12.31 However 
it we will not be discussed here. 

In the following we will calculate the photovoltage in 
our Permalloy film stripe considering its geometry which 
fixes the current direction, j* — j*,z/ along the stripe 
(z/ is the unit vector along the Permalloy stripe). The 
small dimensions perpendicular to the stripe (<C L) will 
prevent the formation of a perpendicular rf current. A 
similar approximation of a metal grating forming a lin- 
ear polarizer has been considered previously-. The pho- 
tovoltage Umw is also measured along the stripe (length 
vector L = z'-2.4 mm). When fluctuations of Emiv along 
the stripe are neglected considering the large microwave 
wavelength, A w 20 mm 3> 2.4 mm = L, we find Umw 
by multiplying Emvk with L: 



2.5. VECTORIAL DESCRIPTION OF THE 
PHOTOVOLTAGE 

To complete the discussion of the microwave photo- 
voltage we want to return to the approach used by 
Juretschke^^ to demonstrate that it is consistent with 
the description above. In l2.1l we started with Ohm's law 
(scalar equation ([T])). There we integrate an angle- and 
time-dependent resistance. Here we want to start with 
the vectorial notation of Ohm's law used in Juretschke's 
publication (equation (1)^^). This integrates AMR and 
anomalous Hall effect AHE. p is the resistivity of the 
sample and Ap that additionally arising from AMR. Rh 
is the anomalous Hall effect constant: 



Umw 



E = pJ + (ApM2)(J • M)M - RhJ X M 



(28) 



We split M = Mo + m* and the current density 
J = Jo + j* into their dc (Mq and Jq) and rf contri- 
butions (m* = 3?(me~''^*) and j* = jcoswt). Constance 
of |M| allows m* = (m^, m^, 0) in first order approxima- 
tion only to lie perpendicular to Mo = (0,0, Mq). To 
select the photovoltage we set Jq = and approximate 
equation (p8)l to second order in j* and m*. The terms 
of zeroth order in both j* and m* represent the sample 
resistance without microwave exposure and are not dis- 
cussed here. The terms of first order in either j* or m* 
(but not both) have zero time average and do not con- 
tribute to the microwave induced dc electric field Emw- 
Only the terms that are simultaneously of first order in j* 
and m* contribute to Emw (compare equation (4) from 
Juretschke^) : 



Emw = 4t Mo + (j*Mo) m')-RH (j* x m*) 

Mq 

(29) 

The Ap dependent term represents the photovoltage 
contribution arising from AMR and the Rh dependent 



E 



MW 



dz' w E 



MW 



(Moz/) + J*, (z/Mo) (m*z/)) - (30) 
ApL 



Mo 



(Jlfml.) sin(2ao) 



This is equivalent to equation (|2ip which can be ver- 
ified by replacing Apj*,L = RaIi cos(cjt) and — 
QiAfo cos(aj< — ?/;). Time averaging results in the addi- 
tional factor cos(-0)/2. 

As discussed in 12.61 the contribution belonging to the 
anomalous Hall effect has no impact in this geometry be- 
cause it can only generate a photovoltage perpendicular 
to the rf current i.e. perpendicular to the stripe. 

Comparing our results to those of Juretschke and 
Egan^i^, we note that an equation similar to ([50)1 has 
been derived in the formula for e^o in equation (31) in Ju- 
retschke's publication^^. There the photovoltage is mea- 
sured parallel to the rf current as done in our stripe. 
However it has to be noted that the coordinate system 
is defined differently. The major difference compared to 
our system is that we use a stripe shaped film to litho- 
graphically define the direction of the rf current Ii , while 
the direction of h is left arbitrary. In contrast to that 
Juretschke and Egan^^i^ define the direction of the rf 
magnetic field and rf current by means of their microwave 
setup. In equation (31) (e^o) from Juretschke^ this re- 
sults in the additional factor cos 9 (which is equivalent 
to cos ao in our work) compared to equation (j30p . This 
arises from the definition of h fixed parallel to the rf cur- 
rent (compare equation 



2.6. OTHER MAGNETORESISTIVE EFFECTS 
THAT COUPLE SPIN AND CHARGE CURRENT 

In this section we present other magnetoresistive ef- 
fects which can generate photovoltage and photoresis- 
tance like the AMR. This selection gives a broader view 



8 




on the range of effects for which the photovoltage and 
photoresistance can be discussed in terms of the analysis 
presented in this work. In principle every magnetoresis- 
tive effect can modulate the sample resistance and thus 
rectify some of the rf current to photovoltage. 

One magnetoresistive effect is the anomalous Hall ef- 
fect AHE in ferromagnetic metals that was (together with 
the AMR) the basis for the discussion of Juretschke^^. 
There a current with perpendicular magnetization gener- 
ates a voltage perpendicular to both. Under microwave 
exposure this alternates with the microwave frequency 
but in an asymmetric way due to the modulated AHE 
arising from magnetization precession. The asymmetric 
voltage has a dc contribution (photovoltage)^ which can 
be measured using a 2 dimensional ferromagnetic film 
with the magnetization neither parallel nor perpendic- 
ular to it. The photovoltage induced by AHE appears 
in the film plane perpendicular to the rf current and is 
smalP^ for Permalloy (Ni8oFe2o)- Also a photoresistive 
effect which alters the AHE can be expected if the mag- 
netization lies out-of-plane. 

Other examples for magnetoresistive effects are GMR 
and TMR structures which exhibit a photovoltage mech- 
anism similar to that in AMR films. The difference is that 
there not the direction of the ferromagnetic layer magne- 
tization with respect to the current matters. Effectively 
instead the direction of the magnetization M of one fer- 
romagnetic layer with respect to that of another layer is 
decisive (see figure [5]) . Exciting the FMR in one layer 
yields again oscillation of the sample resistance R{t) and 
thus gives the corresponding rf voltage U{t) a non-zero 
time average (photovoltage)^*^. This is usually stronger 
than that from AMR films due to the generally higher 
relative strength of GMR and TMR compared to AMR. 

It should be noted that in current studies of the 
microwave photovoltages effect in multilayer struc- 
tures, the focus is on interfacial spin transfer 
effects^'^'^'^'^ i^^'^^i^^'^^ . It remains an intriguing ques- 
tion whether interfacial spin transfer effects and the ef- 
fect revealed in our approach based on phenomenological 
magnetoresistance might be unified by a consistent mi- 
croscopic model, as Silsbee et al. have demonstrated for 
describing both bulk and interfacial spin transport under 
rf excitation^^. 

Multilayer structures also provide a nice example that 
photovoltage generation can also be reversed when the 
oscillating magnetoresistance, transforms a dc current 
into an rf voltage^, instead of transforming an rf cur- 
rent into a dc voltage (photovoltage). This gives a new 
kind of microwave source and seems - although weaker - 
also possible in AMR and AHE samples. 

It can be reasoned that like microwave photovoltage 
the microwave photoresistance can also be based on GMR 
or TMR instead of AMR: When aligning the 2 magneti- 
zations of both ferromagnetic layers in a GMR or TMR 
structure microwave induced precession of one magneti- 
zation is expected to increase the GMR/TMR because 
of the arising misalignment with the other magnetiza- 




(a) t = t„ (b)t = t„-HP/2 

► 

time t 

FIG. 5: (Color online). Microwave photovoltage 
in a GMR/TMR-heterostructure (ferromagnetic(M)/non- 
ferromagnetic/ferromagnetic(Mf )): The dynamic magnetiza- 
tion M precesses (period P) in phase with the current I. (a) 
M lies almost perpendicular to Mf : high GMR/TMR. (b) M 
lies almost parallel to Mf : low GMR/TMR => Non-zero time 
average of the voltage U. 

tion. With the magnetizations initially anti parallel the 
opposite effect, a microwave induced resistance decrease, 
is expected. Further work demonstrating these effects 
would be interesting. 

3. PHOTOVOLTAGE MEASUREMENTS 
3.1. MEASUREMENT SETUP 

The sample we use to investigate the microwave pho- 
tovoltage consists of a thin (d — 49 nm) Permalloy (Ni 
80%, Fe 20%) film stripe (200 /Ltm wide and 2400 ^m 
long) with 300x300 fim^ bond pads at both ends (see 
figure [3]). These are connected via gold bonding wires 
and coaxial cables to a lock-in amplifier. For auxiliary 
measurements (e.g. Hall effect) 6 additional junctions 
are attached along the stripe (see figure [3]). 

The resistance of the film stripe is Rq + Ra — 85.0 
for parallel and Rq — 83.6 Q for perpendicular mag- 
netization. Hence the conductance is cr = 1/ p — 2.9 • 
10*^ n-^m.-^ and the relative AMR is Ap/p = 1.7 %. 
The absolute AMR is Ra = 1.4 Q,. This is in good agree- 
ment with previous publications^'^*''^^. 

The film is deposited on a 0.5 mm thick GaAs single 
crystal substrate, and patterned using photolithography 
and lift off techniques. The substrate is mounted on a 1 
mm polyethylene print circuit board which is glued to a 
brass plate holding it in between the poles of an electro- 
magnet. This provides the dc magnetic field B — ^qH 
(maximal « 1 T). The sample is fixed 1 mm behind the 
end of a WR62 (15.8 x 7.9 mm) hollow brass waveguide 
which is mounted normal to the Permalloy film plane. 
The stripe is fixed along the narrow waveguide dimen- 
sion. In the K„ band (12.4 - 18 GHz), that we use in 
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FIG. 6: (Color online). Sketch of the measurement geometry. 
A 1 mm thick polyethylene plate is glued on a brass holder. 
On top of the polyethylene a GaAs substrate is glued. On 
the substrate the Permalloy (Py) stripe is defined. This is 
electrically wired to a voltage amplifier for photovoltage mea- 
surements. For photoresistance measurements an additional 
current source is connected parallel to the voltage amplifier, 
which is not shown explicitly here. 



our measurements, the WR62-waveguide only transmits 
the TEqi model. The stripe was fixed with respect to 
the waveguide but was left rotatable with respect to H. 
This allows the stripe to be parallel or perpendicular to 
H, but keeps the magnetic field always in the film plane. 
A high precision angle readout was installed to indicate 
ao. 

The waveguide is connected to an HP83624B mi- 
crowave generator by a coaxial cable supplying frequen- 
cies of up to 20 GHz and a power of 200 mW. The power 
is however later significantly reduced by losses occur- 
ring within the coaxial cable, during the transfer to the 
hollow waveguide and by reflections at the end of the 
waveguide. Microwave photovoltage measurements are 
performed sweeping the magnetic field while fixing the 
microwave frequency. The sample is kept at room tem- 
perature. 

To avoid external disturbances the photovoltage was 
detected using a lock-in technique: A low frequency 
(27.8 Hz) square wave signal is modulated on the mi- 
crowave CW-output. The lock-in amplifier, connected 
to the Permalloy stripe, is triggered to the modulation 
frequency to measure the resulting square wave photo- 
voltage across the sample. Instead of the photovoltage 
also the photocurrent can be measuredi^. Its strength 
Iq can be found when setting Uq — in equation ^ 
(instead of Iq — 0)- 
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FIG. 7: (Color online). Gray scale plot of the measured fre- 
quency and magnetic field dependence of the microwave pho- 
tovoltage at ao ~ 47°. The dashed line shows the calculated 
FMR frequency (see equation ((SJ). The photovoltage inten- 
sity is strongly frequency dependent because of the frequency 
dependent waveguide transmission. 



of the photovoltage on the microwave frequency is also 
found. The photovoltage with respect to the strength 
of the external magnetic field H and the microwave fre- 
quency / — uj /2n can be seen in a gray scale plot in 
figure [71 in which the resonance can be identified with 
the FMR by the corresponding fits (dashed line) because 
the Kittel-equationSP ([9]) for ferromagnetic planes (our 
Permalloy film) applies. The magnetic parameters found 
are /zqMo « 1.02 T and 7 « 27r^o • 28.8 GHz/T. They 
are in good agreement with previous publications^iiSi. 

The exact position of the FMR is obscured by its 
strongly varying line shape. We overcome this problem 
by the productive line shape analysis in paragraph 13.31 
It is found that Hq is slightly dependent on ag. This can 
be attributed to a small demagnetization field perpendic- 
ular to the stripes but within the film plane arising from 
the finite stripe dimensions in this direction. So, when 
Mo hes perpendicular to the stripe, Hq slightly increases 
compared to the value fulfilling the Kittel equation for a 
plane (see equation In the parallel and perpendic- 

ular case we use the approximation of our film stripe as 
an ellipsoid, where we can use the corresponding Kittel 
equation'^" (demagnetization factors , Ny and with 
respect to the dc magnetic field): 



3.2. FERROMAGNETIC RESONANCE 

The measured photovoltage almost vanishes during 
most of the magnetic field sweep but shows one pro- 
nounced resonance of several /xV. The strength and line 
shape of this resonance are strongly depending on ao 
and will be discussed in 13.31 A line shape dependence 



a> = 7^ [Hq + [N., - N,) Mo) {Hq + {Ny - N,) Mq) 

(31) 

The difference of the resonance field between the case 
that Mo lies in the film plane parallel to the stripe and 
perpendicular is 1.6 mT (0.7%) at f = 15 GHz. From this 
we can calculate the small demagnetization factor N^i = 
0.085% perpendicular to the Permalloy stripe within the 
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FIG. 8: (Color online). Fitting (black line) of the microwave 
photovoltage signal (dots) for different angles ao at / = 15 
GHz. The black horizontal bars indicate zero signal. 



film plane using equation (|3ip . From the sum rulc^'^ fol- 
lows: Ny = 1 - N^, - N^, = 1 - 0.085% - = 99.915%. 
Nzi (parallel to the stripe) can be assumed to be negli- 
gibly small. This matches roughly with the dimension of 
the height to width ratio (49 nm : 200 ^m) of the sample. 
For the stripe presented in section 0] similar but stronger 
demagnetization effects are found. 

Now we will have a closer look on the magnetic prop- 
erties of the investigated film. Again at / = 15 GHz we 
find using equation (fT0| : Hq = 0.219 T. Using asymmet- 
ric Lorcntz line shape fitting as described in 13.31 we get 
ac = 0.0072. Consequently A^^ = 231.1, A^y = 97.1 
and Ayy — 40.8 according to equation 

Because of aa = 0.0072 the magnetization precession 
does impressive n « 22 turns before being damped to 
1/e of its initial amplitude (n = l/27raG)- Therefore 
the ellipcity of m is almost independent of h (see para- 
graph It can be calculated from equation (fTB]) that 
rrix/my — 2.38z at a-'/27r — 15 GHz. 

To check the validity of our approximation {d <^ S, 
see 12. 2p we will now regard the skin depth S a.t f — 15 
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FIG. 9: (Color online). Symmetric and Antisymmetric con- 
tributions to the asymmetric Lorentz line shape fit from figure 
[8] (black). A small constant background is found and added 
to the antisymmetric contribution. 



GHz in our sample {d = 49 nm). For ii = fiQ (away 
from the FMR) we find: S — ^Ijuj^ip = 2.4 /im. Hence 
(5 3> d. This is in accordance with our approximation 
that h is almost constant within the Permalloy film (see 
12. 2p . However in the vicinity of the FMR: ^ /xq and 
for the same frequency and conditions as above: /il = 
(1 + xl)a^o = 133z/io at the FMR. Thus we approximate 
Sfmr — y/2/Lj\fiL\p = 210 nm. Hence Sfmr is still 
significantly larger than d and our approximation is still 
valid. 

Finally we can summerize that for samples with weak 
damping (ac ^ (^/ujm) like ours the approximation H « 
Hq gives results with impressive precision (see figure |8]) 
because its discrepancies are limited to the unimportant 
magnetic field ranges with \xxx\i \Xxy\, \Xyy\ < 1 which 
are far away from the FMR. 
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3.3. ASYMMETRIC LORENTZ LINE SHAPE 



Although in section 13.21 the frequency dependence of 
the FMR field is verified with the gray scale plot in fig- 
ure 7, it is still desirable to receive a more accurate pic- 
ture of the corresponding line shape which is found to 
be strongly angular dependent (see figure [8|) . In equa- 
tion P7|) it is shown that the magnetic field dependence 
of Umw exhibits asymmetric Lorentz line shape around 
H = Hq . Hence U mw takes the form 



Umw 



ttSYM . J J ANT 



= (7, 



SYM 




'MW 



'MW 



ANT 



{H - HoY + Ai72 
{H - Hof + Ai?2 



(32) 



This is used to fit the magnetic field dependence of 
the photovoltage in figure [H For clearness the symmet- 
ric (absorptive) and antisymmetric (dispersive) contri- 
butions are shown separately in figure [HI A small con- 
stant background is found and added to the antisymmet- 
ric contribution. The background could possibly arise 
from other weak non-resonant photovoltage mechanisms. 

The fits agree in an unambiguous manner with the 
measured results. Hence they can be used to deter- 
mine the Gilbert damping parameter with high accuracy: 
ao ~ jAH/uj « (0.72% ± 0.015%). However if the mag- 
netization lies parallel or perpendicular to the stripe the 
photovoltage vanishes (see equation pTjl ). Hence we can 
only verify ac when the magnetization is neither close 
to being parallel nor perpendicular to our stripe. 

The corresponding ac ~ 1/lut in the Nickel sample 
of Egan and Juretschke"^^, can be estimated using the 
ferromagnetic relaxation time t from their Table H. It 
lies in between ac = 0.12 and 0.18, so being more than 
16 times higher than the value in our sample. This makes 
the line shape approximation of section 12.41 invalid for 
their case. Consequently a much more elaborated line 
shape analysis^? appears necessary. 

In figure [8] the photovoltage along the stripe is pre- 
sented at 4 different angles uq. The signal to noise ratio 
is about 1000 because of the carefully designed measure- 
ment system, where the noise is suppressed to less than 
5 nV. Because of this good sensitivity we can verify the 
matching of our theory from section [2] with the measure- 
ment results in great detail. 

In the following we want to investigate the angular 
dependence in detail. Therefore we transform the coor- 
dinate system of equation according to the transfor- 
mation presented in section l^TT] Doing so we can separate 
the contributions from h^i, hy and hzi'- 
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FIG. 10: (Color online). The Bars show the angular depen- 
dence of the amplitude of the symmetric (?7^^*^, thin bars) 
and antisymmetric {Uq'^'^, thick bars) contribution to the 
microwave photovoltage at f = 15.0 GHz. Note that both, 
the symmetric and antisymmetric contribution, vanish for 
Qfo = 0°, 90°, 180° and 270°. The lines represent the cor- 
responding fits by means of equation (|34|) . The inlet shows 
the geometry of the investigated Permalloy stripe and the co- 
ordinate systems from figure [3] (note: z || H). 



Umw 



RaIi sin(2Q;o) 
2Mn 



{{A^yhy + Ax.j;{hl.,cosao - /i!,, sin ao)) 

Ai/2 



{H - H^Y + Am 



(33) 



-I- (A^yh^ + A^.^(hli sinao - /i^,cosao)) 



AH{H - Hp) 
' (H - Ho Y + AH^ 



} 



hxi, hy and h^i are fixed with respect to the hollow 
brass waveguide and its microwave configuration and do 
not change when ap is varied. 

We find that the angular dependence of the line shape 
in equation psp exhibits 2 aspects: an overall factor 
sin(2ao) and individual factors (sinao, cosao and 1) for 
the terms belonging to the different spatial components 
of h. The overall factor sin(2ao) arises from the AMR 
photovoltage mechanism and results in vanishing of the 
photovoltage signal at ao = 0°,90°, 180° and 270°. This 
means if Mq lies either parallel, antiparallel or perpen- 
dicular to the stripe axis. This is illustrated in figure [TT] 
and is clearly observed in our measurements (see figure 
[TO)l . We take this as a strong support for the photovolt- 
age being really AMR based. 

Another support comes from the similarity with the 
planar Hall effect^. The planar Hall effect generates a 
voltage UpHE perpendicular to the current in ferromag- 
netic samples (width W) when the magnetization Mq lies 
in the current-voltage plane. It arises as well from AMR 
and vanishes when Mq lies either parallel or perpendic- 



12 




t = t, t ^ t, + P/2 

► 

time t 

FIG. 11: (Color online). When the magnetic field H lies par- 
allel or perpendicular to the stripe, the time average voltage 
vanishes, (a) H lies perpendicular to I: precession of the 
magnetization M leaves (after half a period P/2) the angle 6 
between the axis of M and I unchanged. Hence the AMR (and 
so voltage U) is also unchanged. The photovoltage vanishes, 
(b) H is parallel to I: 9 and the AMR stay constant during 
the precession of M and the time average of I is zero. This 
means that only when H is neither parallel nor perpendicular 
to the stripe a photovoltage is generated. 




(a)ao= 90° (b)ao= 0° 

FIG. 12; (Color online). Angular dependent coupling of 
the magnetization M to the dynamic magnetic field h = 
(hxi, hy, hzi). Only the components of h perpendicular to Mo 
can excite precession of M and therefore generate a dynamic 
m. hy is always exciting m. The excitation strength of h^i 
and hz, is angular dependent (compare equation p3|l '). Here 
the two symmetry cases are shown: M (a) perpendicular (only 
hzi and hy can excite M) and (b) parallel (only hxi and hy 
can excite M) to the stripe. 



[/^'^A'^ = (C/f, sin(ao) + U^, cos(ao) + U^) sin(2ao) 
U^'^'^ = (U^ sin(ao) + cos(ao) + U^) sin(2ao) (34) 



ular to the current axis. 

The similarity arises because of the AMR only generat- 
ing a transversal resistance when the current is not lying 
along the principle axis of its resistance matrix (parallel 
or perpendicular to the magnetization) . This is the same 
geometrical restriction as shown above for the microwave 
photovoltage (see equation (pij) and figure [TT|) . 

We want to emphasize the importance that in any of 
these microwave photovoltage experiments, due to the 
unusually strong angle dependence, it is important to 
pay attention to the exact angle adjustment of the sam- 
ple with respect to the dc magnetic field H when mea- 
suring under high symmetry conditions (H parallel or 
perpendicular to the stripe) to avoid involuntary signal 
changes due to small misalignments. As found in 90° out- 
of-plane configuratior^i^ already a misalignment as small 
as a tenth of a degree can yield a tremendous photovolt- 
age change in the vicinity of the FMR. 

Finally we want to come back to the individual angular 
dependencies of the photovoltage contributions arising 
from the different external magnetic field components. 
In addition to the sin(2Q;o) proportional dependence of 
Umw on rrix , also the strength with which rrix is excited 
by h depends on ao. This is displayed in figure [T^ and re- 
flected by the three terms in equation depending on 
hx/, hy and hz/ with cosao, 1 and sin ao-factors respec- 
tively. Hence the symmetric Uq^^'^ and antisymmetric 
Uq^'^ Lorentz line shape contribution to Umw are fitted 
in figure [TO] with 



From U^i, U^, and Uy the dynamic magnetic field com- 
ponents hi,, h].,, hy which are 90° out-of-phase with re- 
spect to the rf current Ii can be determined using equa- 
tion ([55]) and from U^, U^, and Uy we find /i^,, /i^, and 
hy which are in phase with Ii . 

In principle Ii can be separately deduced using the 
bolometric effect as discussed in section |4T] However 
for the sample used here our usage of multiple stipes does 
not allow us to address the bolometric heating to one 
single stripe. Consequently the strength of Ii is unknown 
so that we can not determine h, but only h/i . 

Besides, considering the special dynamic magnetic field 
configuration in our rectangular hollow waveguide no rf 
magnetic field component h^i is expected to be generated 
along the waveguides narrow dimension (z'-axis) by the 
TEoi modei (which is the microwave configuration of our 
waveguide). It follows that the sin(Q;o) terms in equation 
(|34p vanishes. This results in the additional symmetry 
UMw{ctt)) — —UMw{—oti)), which is clearly observed in 
our measurements (see figure llOp . This symmetry was 
broken when we used a round waveguide. 

The vanishing of h^i in our waveguide will allow us 
to plot the direction of h 2 dimensional (instead of 3 
dimensional) in figure 1131 A small deviation from the 
symmetry J7mw(q^o) = ^ C^Mw(~ao) is however found 
and arises from a small hzi component (see table |l| which 
is not displayed in figure 1131 It might arise from the fact 
that the rf microwave magnetic field h at the waveguide 
end already deviates from the TEqi mode. 
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(mV) 




(mA-^T//io) 


/ 

X 


+2.60 


+2.55 


231.1 


-15.7 


+16.4 


y 


+0.95 


+0.30 


97.1 


+14.0 


+4.4 


z 


+0.12 
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TABLE I: Determination of the rf magnetic field h at the 
200 fim wide stripe at 1 mm distance from the waveguide end 
by means of equation (|33|) . Ux/,y,zi, U^/^y^^,: Measured am- 
plitudes of the contributions to the symmetric and antisym- 
metric Lorentz line shape of Umw (see equation (|34|) ) with 
the angular dependence belonging to x' , y and z' respectively 
(taken from the fitting in figure [10)) . Axx,xy'- Correspond- 
ing amplitudes of Xxx,xy h^i,y,zi, ^ii/.y.z/: rf magnetic field 
strength calculated from U^i^y^^,, U^,^y^^i (in-phase and 90° 
out-of-phase contribution with respect to the current). 
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FIG. 13: (Color online). Direction and ellipticity of the rf 
magnetic field h displayed by showing the path I\ ■ h passes 
during one cycle. This is shown at the location of the 3 
stripes (these lie normal to the picture on top of the gray 
GaAs-substrate; the 200 /.im wide stripe to the right) for two 
sample positions. I\ ■ h was determined by means of equa- 
tion (|33|) . The upper right path corresponds to the I\ ■ h 
from table |T] The hatched edges indicate metal surfaces re- 
flecting microwaves. Within the waveguide the rf magnetic 
fleld h corresponding to the TEio-mode is displayed in the 
background. 



20 /im distant Permalloy stripes of the same height and 
length as the 200 /im wide stripe described above (see 
section 13.11) was patterned beside this one. The 50 /im 
wide stripes were connected with each other at alternat- 
ing ends to form a long meandering stripe^. Four stripes 
were elongated on both ends to 300x300 \ivc? Permalloy 
contact pads. For the outer two stripes and the single 
200 [m\ stripe h/i is calculated from the measured pho- 
tovoltage using equation (|23|) . Table |T] shows the mea- 
sured voltage and the corresponding h/i for the 200 [im. 
stripe at 1 mm distance from the waveguide, h/i for 
all 3 stripes is displayed in figure 1131 while positioning 
the sample at 2 distances (1 and 3.5 mm respectively) 
from the waveguide end. For comparison the rf magnetic 
field h configuration of the TEoi-mode is displayed in the 
background. From other measurements we can estimate 
that 1\ lies somewhere in the 1 niA-range. 

It is worth noting that possible inhomogeneities of the 
rf magnetic field h within the Permalloy stripes will be 
averaged because Umw is linear in h. Determining the 
sign of the rf magnetic field components from the photo- 
voltage contributions signs exhibits a certain complexity 
because a lot of attention has to be paid to the cho- 
sen time evolution (e'"' or e~"^*) and coordinate system 
(right hand or left hand). However the sign only reflects 
the phase difference with respect to the rf current. The 
rf current is admittedly not identical for different stripe 
positions. Consequently the comparison of the rf magne- 
tization phase at different stripe locations is obscured. 

It is a specially interesting point concerning microwave 
photovoltage that the phase of the individual components 
of the rf magnetic field with respect to the rf current, 
and therefore also with respect to each other can be de- 
termined. The phase information is encoded in the line 
shape, which is a particular feature of the microwave pho- 
tovoltage described in this work. 

At this point only determining h/i is possible because 
1\ is unknown. However in paragraph 14.11 an approach 
to determine 1\ using the bolometric effect is presented. 
Using this approach the bolometric photoresistance is the 
perfect supplement for the photovoltage. It delivers un- 
known 1\ with almost no additional setup. 



PHOTORESISTANCE MEASUREMENTS 



3.4. DETERMINATION OF THE RF 
MAGNETIC FIELD DIRECTION 

Using the different angular dependencies of the 3 sym- 
metric and 3 antisymmetric terms in equation (|33p h/i 
can be determined. We make the assumption that the 
stripe itself does not influence the rf magnetic field con- 
figuration, what is at least the case when further reducing 
its dimensions. Thus the film stripe becomes a kind of 
detector for the rf magnetic field h. 

To test this an array of 36 additional 50 /im wide and 



The principle difficulties when detecting the AMR 
induced photoresistance are to increase the microwave 
power for a sufficient signal strength and to reduce the 
photovoltage signal, which is in general much stronger 
and superimposes with the photoresistance. We over- 
come the microwave power problem by using high initial 
microwave power (316 mW) and a coplanar waveguide 
(CPW)iS which emits the microwaves as close as possi- 
ble to the Permalloy film stripe (0.137 x 20 x 2450 /im^) 
with which we detect the photoresistance. Its resistance 
is found to be i? = 880 and the AMR Ra = 15 Its 
magnetic properties (7, A/q) are almost identical to that 
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of the sample investigated in section [S] We use again 
lock-in technique like in 13.11 with now an additional dc 
current from a battery to measure resistance instead of 
voltage. The strong microwave power results in strong rf 
currents within the sample which give a specially strong 
photovoltage signal (see equation (|27|) ). To achieve a 
sufficiently strong photoresitance signal the dc current 
/q and rf current Ii have to be increased to the maximal 
value that does not harm the sample (a few mA, hence 
Jo « Ji). 

Ignoring the trigonometric factors sin2Q;oj cos2ao 
and costjj as well as the photoresistance term depend- 
ing on Pi (that is always smaller than ai) the photo- 
voltage signal {Umw — ai sm{2ao) cos tpRAh/ "2, equa- 
tion (|2ip ) and the photoresistance signal {ARmwIq ~ 
-af cos(2ao)i?A/o/2, ^) beco me almost identical. But 
the major difference is that the photoresistance is mul- 
tiplied by ai and the photovoltage only by ai. As ai 
is particularly small (< 1°) in our experiments, this 
means that ARmwIq is much smaller than Umw- How- 
ever suppressing Umw is possible because it vanishes 
for ao = 0°, 90°, 180°, 270° (see equation A 
very precise tuning of ao with an accuracy below 0.1° 
is necessary to suppress Umw below ARmwIq- Fortu- 
nately in contrast to |t/MVF|, |Ai?Mw| is maximal for 
ao = 0°, 90°, 180°, 270°. In the following we will first 
discuss the bolometric photoresistance arising from mi- 
crowave heating of the sample and afterwards the AMR 
induced photoresistance that is discussed above. 



4.1. BOLOMETRIC (NON-RESONANT) 

The AMR-induced ARmw is not the only photoresis- 
tive effect present in our Permalloy film stripe. Also non- 
resonant heating by the microwave rf current Ii results 
in a (bolometric) photoresistance. The major difference 
compared to the AMR-based photoresistance is that the 
bolometric photoresistance is almost independent of the 
applied dc magnetic field H and that its reaction time to 
microwave exposure is much longer (in the order of ms) 
than that of the AMR-based photresistance {l/aG(^, in 
the order of ns)^. The non-resonant bolometric photore- 
sistance is found with a typical strength of {AR/ R)/ P = 
0.2 ppm/mW (see figure [T4)) . 

The bolometric heating power Pboi arises from re- 
sistive dissipation of the rf current Ji in the sample 
(Pfc„; = (i?/2) ^ i?/2 _^ RIf/2). This can hence be used 
to determine Ii , which is otherwise an unknown in equa- 
tion (j27p . Ii can be determined for example by finding 
the corresponding dc current Iq with the same bolomet- 
ric resistance change. However, especially in the sample 
we use the thermal conductivity of the GaAs-crystal on 
which our Permalloy stripes were deposited is so high (55 
W/m-K) that the different stripes are strongly thermally 
coupled. Thus we can not address the bolometric signal 
of one stripe solely to the rf current of the same stripe. 
This effect was verified comparing the resistance changes 
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FIG. 14: (Color online). Photoresistance ARmw measure- 
ment (stripe resistance R). The curves show the difference 
between the signals AU with Jq = -1-5 mA and Jq = —5 mA 
at P = 316 mW: Ai? = (AC/(7o = +5 mA) - Af/(/o = 
— 5mA))/10 mA. The subtraction suppresses the photovolt- 
age dependence on absolute |Jo| (for example from bolomet- 
ric AMR change). For both curves the dc magnetic field H 
(and so M) was applied within the film plane, but for a) par- 
allel to the stripe (and hence to the dc current Jo) and for 
b) perpendicular. A non-resonant background of about 70 
ppm from bolometric photoresistance is found. It is decreases 
by about 1.2 ppm when the sample is turned from parallel 
to perpendicular configuration. This is caused by the 1.7 % 
AMR which changes R and the bolometric signal proportion- 
ally. The FMR signal has almost Lorentz line shape and its 
position is significantly changing when the sample is turned 
from parallel to perpendicular position (see section |4^ . 



from one stripe while applying a dc current through an 
other stripe. Hence determination of by means of 
equation (|27p is only possible when using a substrate ma- 
terial with low heat conductance (e.g. glass) or by not 
depositing more than one stripe. 



4.2. AMR BASED (RESONANT) 

In contrast to the non-resonant bolometric photore- 
sistance in I4.1[ the typically 50 times weaker resonant 
AMR-based photoresistance is very hard to detect. After 
visualizing it by using the CPW and turning the sample 
into a high symmetry position (parallel or perpendicular 
to H) it is still necessary to regard the difference of the 
photoresistance measured with the same current strength 
but with reversed current sign instead of measuring with 
only one current direction. This eliminates the remain- 
ing still significant photovoltage signal, which depends on 
the absolute current strength possibly due to bolometric 
AMR change. 

Measurement results are presented in figure [14] for 
/ = 3.8 GHz. There it can be seen that (as deduced in 
12. 3p . if the stripe lies parallel to the magnetization, the 
AMR is maximal and the resistance decreases when the 
FMR is excited (negative photoresistance). In contrast 
in the perpendicular case the AMR is minimal and we 
measure a resistance increase (positive photoresistance). 
This behavior is schematically explained in figure [T51 The 
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(C)MWOFF (cl)MWON 

FIG. 15: (Color online). Demonstration of the angular depen- 
dence of the microwave photovoltage: Without microwaves 
(a,c) the AMR is minimal in perpendicular configuration (a) 
of M and I and maximal in parallel configuration (c). When 
the microwaves are switched on the resistance increases in 
parallel configuration (b) and decreases in perpendicular con- 
figuration (d). 



curves in figure [HI show the photoresistance at the FMR 
vifith symmetric Lorentz line shape as predicted in 12.31 

Using equation ([9]) we calculate /io-ffo = 16.6 mT. 
However a deviation of Hq is found in both, parallel 
(HqHq = 11.1 mT) and perpendicular [hqHq = 25.3 mT), 
configuration. This is due to demagnetization which 
gives rise to an FMR shift with respect to the result from 
the infinite film approximation (compare equation (I3ip ). 
Nx = 0.7% can be assumed because of this shift. 

Using equation (|16[) we find that for our conditions 
TTix/rny = 7.9i. Consequently we can neglect the con- 
tribution from /3i = \my\/M() in equation (|17p and find 
Im^^l = 13 mT using ARmw = (AR/R) ■ R = 1 .23 mn 
(from figure [Til) and thus ai = ^2 ■ ARmw I Ra = 0.73° 
and /3i = ai/\mx/my\ = 0.09°. The smallness of (3x is 
the reason for the resonant photoresistance strength be- 
ing almost identical for M |j I and M _L I (although the 
sign is reversed). We must expect \mx\, ai and /3i to be 
even a little bit larger due to our lock-in measurement 
technique only detecting the sinusoidal contribution to 
the square wave signal from the microwaves. 

The photoresistive decrease is in accordance with that 
found by Costache et alM'. There the magnetization is 
aligned with the current (ao = 0). Thus applying an rf 
magnetic field decreases the AMR from Ra to Ra cos^ 9c- 
This is used to determine the precession cone angle 9c by 
assuming Oc = ai = 

The height to width ratio of the strip is 35 nm to 
300 nm. Because of the magnetization lying along the 
stripe,— the magnetization precession strongly deviates 
from being circular. Using the corresponding parameters 
^oMo = 1.06 T, 7 = 2^:^lo ■ 28 GHz/T and w/27r = 10.5 



GHz), we find from equation ([16]) that the ratio of the 
amplitudes is mx/my = 3.15i. This indicates strongly 
elliptical precession and suggests that distinguishing ai 
and Pi would provide a refined description compared to 
that using the cone angle ^c, as discussed in paragraph 
[231 



5. CONCLUSIONS 

We have presented a comprehensive study of dc elec- 
tric effects induced by ferromagnetic resonance in Py mi- 
crostrips. A theoretical model based on a phenomeno- 
logical approach to magnetoresistance is developed and 
compared with experiments. These provide a consistent 
description of both photovoltage and photoresistance ef- 
fects. 

We demonstrate that the microwave photoresistance 
is proportional to the square of magnetization precession 
amplitude. In the special case of circular magnetization 
precession, the photoresistance measures its cone angle. 
In the general case of arbitrary sample geometry and el- 
liptical precession, we refine the cone angle concept by 
defining 2 different angles, which provide a precise de- 
scription of the microwave photoresistance (and photo- 
voltage) induced by elliptical magnetization precession. 
We show that the microwave photoresistance can be ei- 
ther positive or negative, depending on the direction of 
the dc magnetic field. 

In contrast to the microwave photoresistance, we find 
that the microwave photovoltage is proportional to the 
product of the in-plane magnetization precession compo- 
nent with the rf current. Consequently it is sensitive to 
the magnetic field dependent phase difference between 
the rf current and the rf magnetization. This results in a 
characteristic asymmetric photovoltage line shape, which 
crosses zero when the rf current and the in-plane compo- 
nent of the rf magnetization are exactly 90° out of phase. 
Therefore, the microwave photovoltage provides a pow- 
erful insight into the phase of magnetization precession, 
which is usually difficult to obtain. 

We demonstrate that the asymmetric photovoltage line 
shape is strongly dependent on the dc magnetic field di- 
rection, which can be explained by the directional depen- 
dence of the magnetization precession excitation. By us- 
ing the model developed in this work, and by combining 
such a sensitive geometrical dependence of the microwave 
photovoltage with the bolometric photoresistance which 
independently measures the rf current, we are now in a 
position to detect and determine the external rf mag- 
netic field vector, which is of long standing interest with 
significant potential applications. 
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